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Abstract

This study aimed to constrain the crystallization and emplacement
conditions of magmas that produced the Late Miocene volcanic rocks
exposed at the junction of the Erzurum-Kars Plateau and the Eastern
Pontides in the Northeastern Anatolia Region through a series of
thermobarometric analyses. The volcanic succession unconformably
overlies Oligocene mudstone, siltstone, and sandstone alternations, with
limestone and cherty limestone at higher levels. Petrographically, they
consist of fine- to coarse-grained basalt, basaltic andesite, and andesite.
Mineral compositions include plagioclase (Anis.77), clinopyroxene (Wos.
4sEngzsoFsi1.12), orthopyroxene (Wos.4Enzs.g2Fsiaza), olivine (Foes-ss),
hornblende (Mg#=0.62-0.79), and Fe-Ti oxides (Uspo.os-1.44, [IM94.10.95.53).
The groundmass comprises microlites of these minerals and volcanic
glass. The dominant textures are microlitic porphyritic, hyalo-
microlitic, and microlitic porphyritic, while glomeroporphyritic,
intergranular, pilotaxitic, subophitic, flow, and vesicular textures are
also observed. Widely present disequilibrium features, such as zoning,
sieve, and resorption, are common in plagioclase and clinopyroxene.
Thermobarometric calculations indicate crystallization temperatures
of 880-1230°C, pressures of 0.73-8.71 kbar, oxygen fugacities between
(-10.94) and (-8.92), and water contents of 4.60-6.32 wt.%. These results
suggest that the volcanic rocks crystallized under volatile-rich,
oxidizing conditions across a broad depth range (~2-32 km), at
relatively high temperatures.

Keywords: Late Miocene, Mineral Chemistry, Geothermobarometer,
Disequilibrium Crystallization, Posof
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Bu ¢alismada, Kuzeydogu Anadolu Bélgesi’nde Erzurum-Kars Platosu
ile Dogu Pontidler’in kesisim noktasinda yiizeylenen Ust Miyosen yasl
volkanik kayaglart olusturan magmalarin kristallenme ve yerlesim
kosullart  ¢esitli  termobarometrik  hesaplamalar  yardimiyla
belirlenmistir. Bu volkanikler Oligosen yagsh kiltagi, silttast ve kumtagi
ardalanmast ile list seviyelerinde kirectagsi ve ¢értlii kirectaslarindan
olusan birim tizerine uyumsuz olarak yerlegir. Petrografik olarak; ince
iri taneli bazalt, bazaltik andezit ve andezitlerden olusurlar. Bu
kayaclar; plajiyoklaz (Anisz7), klinopiroksen (Wo039.4sEnss-50Fs11-12),
ortopiroksen (Wo3-4Enys-s2Fs14.24), olivin (Fosz.ss), hornblend (Mg#0.62-
0.79) ve Fe-Ti oksit (Uspoos-1.44, [Imos10.9553) minerallerinden ibarettir.
Kaya¢ hamuru tiim bu minerallerin mikrolitleri ve volkan camindan
meydana gelir. Mikrolitik porfirik, hyalo-mikrolitik ve mikrolitik
porfirik  doku genel dokuyu olustururken, glomeroporfirik,
intergraniiler, pilotaksitik, subofitik, akma ve vesikiiler dokular ¢zel
dokulart olusturur. Plajiyoklaz ve klinopiroksenlerde gézlenen
zonlanma, elek ve kemirilme dokulart dengesizlik dokulardir.
Termobarometrik  hesaplamalara  gére  volkanik  kayaglarin
kristallenme sicakliklart 880-1230°C, basinglar1 0.73-8.71 kbar, oksijen
fugasitesi (-10.94) ile (-8.92) arasinda ve su icerigi % 4.60-6.32
arasinda degismektedir. Sonug olarak incelenen volkanik kayaclarin;
ucucularca zengin, yiiksek oksidasyon kosullarinda sig ile derin
kabuksal derinliklerde yiiksek sicakliklarda (~2-32 km) olustugu
soylenebilir.

Anahtar kelimeler: Ust Miyosen, Mineral Kimyasi
Jeotermobarometre, Dengesiz Kristallenme, Posof

1 Introduction

The textural and chemical characteristics of minerals in
volcanic and plutonic rocks, bearing diverse geochemical
features, have been extensively studied over the past few
decades. The magma chamber processes, such as magma
mixing, recharge, crystal mush remobilization, fractional
crystallization, and assimilation as open and/or closed systems,
significantly affect the evolution of the magmas. In particular,
the variation in chemical composition and thermodynamic
conditions as open system processes leads to disequilibrium
during the crustal evolution of the magmas, resulting in zoning,
embayment, corrosion, and sieved texture [1]-[3]. The
investigation on the petrographic, textural, and mineral

*Corresponding author/Yazisilan Yazar

chemical properties of the magmas helps us to better
understand the magmatic processes [4]-[8]. Furthermore, the
physicochemical parameters such as pressure, temperature,
oxygen fugacity, and hygrometers can be obtained by using the
composition of minerals such as clinopyroxene, amphibole,
biotite, feldspar, olivine, and Fe-Ti oxides [9],[10]. These
parameters also provide insight into the emplacement/storage
depth and thermal evolution of magmas. In the last four
decades, many thermobarometric calibrations based on the
mineral and melt composition, which is in equilibrium with it,
have been proposed by many researchers [11]-[20]. By using
these parameters, it is possible to shed light on the evolution
and crystallization history of the magma during the crustal
movement.
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In this study, we present the new textural features and mineral
chemistry dataset of diverse minerals, such as orthopyroxene,
clinopyroxene, plagioclase, and hornblende from the studied
Late Miocene basic volcanic rocks from the Posof vicinity
(Ardahan, Tiirkiye). We use these features to put forward the
following objectives: (i) determine petrographic features; (ii)
carry out thermodynamic conditions in terms of intensive
parameters (P, T, and fO2) to identify emplacement and pre-
eruptive crystallization history; (iii) understand magma
chamber processes based on the strength and composition of
deep-, mid-, and shallow-continental crusts.

2 Regional geology

The study area is in the intersection of the Eastern Pontides
orogenic belt, which is in the central part of the Alpine-
Himalayan orogenic belt, and is of key importance to
understand the tectono-magmatic evolution of the Alpine
system, and the Eastern Anatolian, which is one of the best
places for collision-related volcanism in the world. The five
different tectonic blocks were identified according to their
tectonic and geological properties (Figure 1).
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Figure 1. The inset map shows the tectonic units of Turkey and the distribution of collision-related volcanics in Eastern Anatolia. I:
Rhodope-Pontide fragment, [I: Northwest Iranian fragment, I1I: Eastern Anatolian Accretionary Complex (EAAC), 1V: Bitlis-Potiirge
Massif, V: Arabian Foreland. EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone (modified after [21]).
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These five blocks are: (I) the Rhodope-Pontid unit which is
including study area in the northeast, (II) the northwest-Iran
section, (III) the Eastern Anatolian accretionary complex and
the Anatolian basement, (IV) the Bitlis-Potlirge metamorphic
massif, and (V) the Arabian foreland. These tectonic blocks are
unconformably overlain by Oligocene-Middle Miocene
sediments, which reflect a shallow marine environment in
places. The Pontide basement rocks, which are represented by
arc and post-collisional magmatic and the associated
sedimentary rocks [22]-[33].

The basement rocks of the Eastern Pontides consist of Paleozoic
metamorphic rocks [34],[35], metagranites [36] Late
Carboniferous-aged granitic intrusions [37]-[40] and the
Permo-Carboniferous sedimentary rocks [41]-[43]. These units
have been crosscut by Late Triassic lamprophyres in the
southern part of the Eastern Pontides [44]. The basement rocks
are unconformably overlined by Early-Middle Jurassic
volcanoclastic and sedimentary rocks [45]-[47]. All these units
are cut by Early and Middle Jurassic intrusive rocks [48]- [52].
The Middle-Upper Jurassic-Cretaceous units composing of
neritic and pelagic carbonates, conformably overlie Jurassic
magmatic and volcano-clastic rocks [29],[53]. The Late
Cretaceous series consists of sedimentary, volcanic rocks, their
pyroclastics, and plutonic rocks [54]-[58]. Even if there are
opposite reviews, the Eocene volcanism is ascribed to post-
collisional [29],[59]. The Palaeocene to early Eocene
magmatism is represented by adakitic or adakite-like volcanis
[60]-[63]. The Late Cretaceous series and adakitic rocks are
overlined by Eocene volcanic and volcaniclastic rocks
[23],[24],[64]-[68]. The calc-alkaline granitoids of similar ages
intruded into the Eocene volcanic and volcaniclastic rocks in
the region [69]-[71]. The Miocene magmatism has limited
propagation in the Eastern Pontides, and its affinity ranges
from calc-alkaline to mildly and moderately alkaline [24], [31],
[32], [72]. In the southern part of the Eastern Pontides, the Late
Miocene are dacitic in composition, while Pliocene-Quaternary
adakitic rocks are trachyandesite. The Late Miocene-
Pleistocene volcanism generally extends to the North Anatolian
Fault Zone (NAFZ) [73]-[78]. The Miocene volcanic rocks are
overlain unconformably by the Miocene-Pliocene sedimentary
rocks.

In the Eastern Anatolian block, the magmatic activity, which is
ascribed to post-collisional, extends an area along ~ 500 km to
the north of the Bitlis-Zagros suture (Figure 1). The Early
Miocene granitoids and sub-volcanic intrusions are the first
products in this block [79]-[81]. Intense collision-related
volcanic activities started at the Middle Miocene (15 Ma) [79]
and continue to the historical periods [82]-[86].

The southern branch of the Tethys Ocean, which began to close
during the Late Cretaceous, separated the Anatolid-Tauride
tectonic platform and the Eastern Anatolian Accretionary
Complex (EAAC) from the African-Arabian plate, and the
collision between the Arabian and Eurasian plates occurred
along the Bitlis-Poétiirge suture zone during the Middle Miocene
[30]. The Eastern Anatolia region was formed under a north-
south compressional regime that developed after the
subduction of the northern branch of the Tethys Ocean and the
subsequent continental collision between the Anatolian and
Arabian plates since the Miocene [87]. As a result of this
compressional regime, several tectonic structures such as
strike-slip and thrust faults, and east-west-trending folds were

formed [88]. Around 12-13 Ma, the collision between the
Arabian and Eurasian plates caused the region to uplift by
approximately 2 km above sea level [87]. This regional uplift
led to the formation of volcanic sequences with distinct
geochemical compositions across much of the area [89].
Volcanic activity, which is widespread throughout the region,
mostly developed along extensional fissures [90]. Recent
geophysical studies have revealed that crustal thickness varies
from 38 km in the southern part of Eastern Anatolia to 50 km
beneath the Erzurum-Kars Plateau in the north, with an
average thickness of about 45 km [91]. These findings indicate
a close relationship between the geodynamic evolution and
volcanism of the region. The detachment and sinking of the
subducted oceanic lithospheric slab into the asthenosphere
[21],[92] led to a geochemical transition of magmatism from
calc-alkaline to alkaline character[89],[92],[93]. The origin and
evolution of magmatism in Eastern Anatolia remain subjects of
ongoing debate. Various models have been proposed to explain
the mantle source and lithospheric structure. Among them,
partial lithospheric delamination (82) and slab break-off
[21],[92] are the most widely accepted mechanisms. Recent
studies have proposed refined versions of these models. Late
Cenozoic magmatism has been associated with slab break-off
and/or delamination related to the Arabia-Anatolia plate
collision [94]. Volcanism began approximately 3.5 Ma with
mildly alkaline basaltic lava flows, continued between 2.9 and
2.1 Ma with intermediate to acidic units (andesite-dacite), and
concluded between 2.0 and 0.97 Ma with transitional and
subalkaline basaltic lava flows [95]. In the Eastern Anatolian
Collision Zone (EACZ), the shallowing of the lithosphere-
asthenosphere boundary (LAB) from the Miocene to the
Pliocene and the loss of the lithospheric mantle through
delamination led to the formation of voluminous basaltic lavas
during this period. In contrast, during the Quaternary, the
deepening of the LAB and the thickening of the lithospheric
mantle were associated with the re-accretion of the mantle
lithosphere (relamination). It has been suggested that a
lithospheric mantle layer 5-11 km thick could be re-accreted
beneath the EACZ within approximately 5-6 Ma [96]. An
alternative model suggests that volcanism in the region began
in the Oligocene and was driven by lithospheric dripping
processes triggered by intensified collision during the Late
Miocene-Early Pliocene [97]. It has been suggested that
volcanism, sedimentary basin development, uplift, and crustal
deformation in the Eastern Anatolia region have evolved
asymmetrically from north to South [98], and that this
evolution is associated with a brittle lithospheric detachment
process that has been ongoing for approximately 20 million
years [99].

3 Material and method

Based on petrographic observations, the fresh and
representative volcanic rock samples from the studied Late
Miocene basic volcanic rocks were chosen to determine the
mineral compositions of the samples. The major element
composition of the clinopyroxene, olivine, feldspar,
hornblende, brown mica, apatite, and Fe-Ti oxides were
analysed by using a CAMECA SX100 instrument from the
Laboratoire Magmas et Volcans (Clermont-Ferrand, France)
with an accelerating voltage of 15 kV and sample current of 15
nA. Peak and background counting times ranged from 10s to
20s and 5s to 10s, respectively. Natural minerals and
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synthetic/compounds were used as standards. Matrix effects
were corrected by using Phi (r) z Peak Sight© software from
CAMECATM. Typical standard deviations (1c) ranged from 0.1
to 0.3 wt. % for Si, Ca, Na, and Al, and from 0.03 to 0.1 wt. % for
Fe, Cr, K, Ti, Mg, and Mn.

4 Result
4.1.1 Local geology

The study area is situated around Posof and Damal vicinities
(Ardahan, Turkiye) at the intersection of the Eastern Pontides
and the north of the Eastern Anatolian region, including the
Erzurum-Kars high plateau (Figure 1). The Posof volcanic roks
generally displays grey, green and reddish brown, pale yellow,
pinkish, and off-white colors, and their thickness varies from 90
to 300m [100]. This unit, which comprises the basement of the
studied area, is unconformably covered by Posof volcanic rocks,

which are composed of Late Miocene-aged basalt, tuff, and
agglomerate, and sedimentary intercalations in it [100]. The
Posof volcanic rocks, which are exhibited as light and pale grey,
brown, and black colors, have wide propagations around the
Posof vicinity, Cin Dagi, and Ulgar Tepe (Figure 2 and Figure 3).
They are blocky and fractured, and generally have fine and
coarse-grained plagioclase, pyroxene, and amphibole minerals
in the hand specimen (Figure 3a, b, ¢, €, ). The large vesicles up
to 15cm are observed in basalts, and most of them are unfilled,
whereas some of them are filled with calcite (Figure 3d). The
Pliocene-aged Ardahan andesite, which exhibits flow-texture,
unconformably covers all the older units, while the Pleistocene-
aged Ulgar Tepe andesite in phorphyritic texture is the
youngest volcanic unit that crosscuts all the other older units in
the study area. The Pleistocene detritic sediments, Holocene
avalanches, and alluviums cover all these units (Figure 2).
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Figure 3. Macrophotograph of the Studied Late Miocene basic volcanic rocks. (a): The fractures observed in the studied volcanic
rocks around the vicinity of Posof. (b): Altered volcanic rocks, light grey in colour. (c): Fractured basaltic rocks. (d): Vesicular basalts.
(e): Blocky basalts around Kalem Tepe. (f): Appearance of the basaltic rocks in the study area.

4.2  Petrography

The Late Miocene volcanic rocks are generally microlithic, and
some samples contain mega cysts rarely. The volcanic rocks,
composition, consist of olivine, pyroxene, plagioclase, and
opaque minerals in general, and they contain opacitized
hornblende to a lesser extent. The groundmass of the volcanic
rocks is generally composed of the microlites of the common
minerals and the glass phase.

The microlithic porphyritic, hyalo-microlithic porphyritic
textures are the most common in the studied volcanic rocks.
The intergranular, pilotaxitic, subophitic, glomerophyric,
fluidal, and vesicular textures are other textures observed in
these volcanic rocks. Besides, the vesicles and the other cavities
were filled with secondary minerals like calcite. The textural
properties, which indicate disequilibrium crystallization, such
as normal and reverse zoning, sieved texture, resorbed and

embayed crystals, are present in all studied volcanic rocks. The
dominant mineral phase composing the studied volcanic rocks
is plagioclase. They are commonly euhedral, subhedral,
magmas (Figure 4a, b, c). The resorbed and zoned crystals are
the other evidence showing disequilibrium crystallization
(Figure 4a). Pyroxenes are mostly euhedral and subhedral
clinopyroxene, and orthopyroxene to a lesser extent. They
appear as a phenocryst, microphenocrysts crysts and microlites
in the groundmass, and some of them are fractured (Figure 4d,
e). The pyroxenes also exhibit zoning, as in plagioclase, and
include some mineral inclusions along their zones (Figure 4e).
The olivines are euhedral, subhedral, and wunhedral
phenocrystals, and they were iddingsitized along their rims and
fractures (Figure 4f). The opaque minerals are generally
rounded and present in groundmass, pyroxenes, and
plagioclases as inclusions (Figure 4e). The totally opacitized
hornblendes are observed in some samples rarely.
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Figure 4. Microphotograph of; (a): Opaque inclusions bearing plagioclase and clinopyroxene phenocrysts in hyalomicolithic
phorphyritic texture (Sample No: Po-18). (b): Euhedral olivine iddingsitized along rim and fractures and zoned plagioclase
phenocrystal (Sample No: Po-36). (c): Sieved and resorbed rim of the plagioclase (Po-33). (d): Fractured plagioclase (Po-46, C.N.), (e,
f): Sieved, resorbed and zoned plagioclase phenocryst (Po-65, Po-66), (g): reaction texture formed by micro-sized clinopyroxene
crystals surrounding quartz xenocrysts (Po-38) (h): Bay-shaped clinopyroxene crystal (Po-31).

4.3 Mineral chemistry

The mineral chemistry analyses of olivine, pyroxene,
plagioclase, hornblende, and opaque minerals situated in the
Late Miocene volcanic rocks were performed on the core,
mantle, and rim of the phenocrysts. Mineral chemistry analyses

determined only the core composition of the microlites. Some
phenocrysts, such as plagioclase and clinopyroxene, were
analyzed to determine chemical variation through the profiles
between core and rim. All mineral chemistry data are provided
in the Appendix A-F.
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4.3.1 Olivine

A large part of the olivine in Late Miocene volcanic rocks was
situated in the magmatic olivine field in the diagram proposed
by [102] while the others were determined to be mantle-
originated olivine (Figure 5 and Appendix A). The CaO content
of the magmatic olivines vary between 0.19 and 0.38, whereas
the olivine of the mantle has CaO content between 0.15 and 0.19
wt.%. The olivine phenocrysts are classified as krizolite (Fo71-
86), and Hyalosiderite (Foes-68) according to their Fo contents.
Only one analyzed olivine microlite is krizolite in composition
with the Foss content.
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Figure 5. The Mg/(Fe2++Mg) versus CaO (wt.%) classification
diagram of the olivines from Late Miocene basic volcanic
rocks. The discrimination line is from [102].

4.3.2 Pyroxene

The pyroxenes were classified using the diagram of [103], and
one part of them was identified as orthopyroxene in the
clinoenstatite composition; the others were determined to be
clinopyroxene in the augite composition (Figure 6 and
Appendix B, C).

Wo
Diopside[ Hedenbergite

Augite

Pigeonite

h Clinoenstatite‘

En Fs

Clinoferrosilite

Figure 6. The Wo-Wn-Fs ternary classification diagram of the
pyroxenes of the Late Miocene volcanic rocks [103].

The end-member compositions of clinoenstatite are Wos-4En7s-
82Fs1424 with (Mg#) 0.75-0.86. These minerals are
characterized by high MgO (26.53-30.74%), FeO (9.20-
15.42%), and low Cr203 (0-0.20%), Al203 (1.10-3.67%), TiO2
(0.05-0.27%) contents and are determined to be Fe-Mg
clinoenstatite. Augites are Wo39-45sEnss-s0Fs11-12 in composition,
with Mg# between 0.72-0.85, and characterized by high MgO
(14.14-17.68%), FeO (5.31-9.56%), and low Cr203 (0-0.65%),
Al203 (1.68-3.86%), TiO2 (0.29-1.70%) contents. According to
these chemical properties, they are determined to be Fe-Mg
Augite. Both orthopyroxenes and clinopyroxenes display
normal and reverse zoning with regard to their chemical

variation between core and rim. The core Mg# of the normally
zoned orthopyroxenes is 0.85, while rim compositions are 0.84.
Reversely zoned orthopyroxenes have Mg# ranging from 0.75
to 0.85 in the core, 0.76 to 0.86 in the rim. The core
compositions of the normally zoned clinopyroxene are in the
range of 0.78-0.83, and the rim composition is in the range of
0.72-0.83, while the reversely zoned clinopyroxenes have Mg#
in the range of 0.77-0.81 in core, and in the range of 0.80-0.84
in rim.

4.3.3 Plagioclase

The dominant mineral phase of the Late Miocene volcanic rocks
is plagioclase, which is exhibited as phenocrysts and microlites
in the groundmass (Figure 4b). The An content of the
plagioclase phenocrysts and microlites observed in the studied
volcanic varies between 16 and 77. They are Bytownite (An7z-
77Ab22-27011), Labradorite (Ansi-e9Ab30-480r1), and andesine
(An33-50Ab4s-640r12-3) in compositions. Most of the microlites are
labradorite, and (Ans2-66Ab33-460r1-2) and andesine (Anie-
48Ab19.660r2-18) in compositions, except for a sample in
anorthoclase composition (Figure 7 and Appendix D).
Plagioclase phenocrystals generally display both normal and
reverse zoning. Normally zoned plagioclases have a core
composition of Ansi-77Abz2-480r1, and rim composition of Ansa-
63Ab36.640r1-3, while the reversely zoned plagioclases have a
core composition in the range of Anszo-70Ab30-500r0-2, and rim
composition in the range of Ansi-72Ab27.460r1-3. Maximum
anorthite variations between the core and the rim of normally
zoned plagioclase are 29, and reversely zoned plagioclase are
12.

Or

Oligoclase

Andesine | Labradorite\ Bytownite ‘Anort)
¥

Ab 10 30 50 70 90 An

Figure 7. The Or-Ab-An ternary classification diagram of the
plagioclases of the Late Miocene volcanic rocks.

4.3.4 Hornblende

The hornblendes of Late Miocene basic volcanic rocks are calcic
in composition according to their chemical properties such as
Si contents of 5.96-6.43, AllIV] values of 1.80-2.27, Ti content of
0.21-0.38, (Na+K)a values 0of 0.95-1.27, (Ca+Na)s values of 1.98-
2.00 and Mg# of 0.62-0.79 (Appendix E). The horblendes are
classified as magnesio-hastingsite with AllVll<Fe3* and
pargasite with AllVlI>Fe3+ according to the calcic amphibole
classification of [104] (Figure 8).
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Figure 8. The Mg/(Mg+Fe2+) versus Si (apfu) classification
diagram of the hornblendes of the Late Miocene volcanic rocks
[104].

4.3.5 Fe-Ti oxides

The opaque minerals in the studied volcanic rocks are generally
present as rounded crystals and inclusions in other
ferromagnesian minerals. They are mostly in magnetite and
ulvospinel in compositions with Uspo.os-1.44, except for three in
ilmenite with [lmogs-096 compositions according to the
classification of [105] (Figure 9 and Appendix F).

TiO,

Fe0.TiO,
(Ilmenite)

2Fe0.TiO,
(Ulvospinel)

FeO FeO.Fe,0, F8203
(Magnetite)

Figure 9. The classification diagram of the Fe-Ti oxides of the
Late Miocene volcanic rocks [106].

4.3.6 Intensive parameters

The minerals and their equilibrium conditions with the melt, in
which they reside, are controlled by physicochemical
parameters such as temperature (T), pressure (P), and oxygen

fugacity (fO2).

Defining these parameters allows us to understand the crustal
evolution and the crystallization history of the magmas that
formed igneous rocks. Besides, the crystallization conditions of
olmalithe igneous rocks can be determined by investigation of
the mineral paragenesis and composition with uncertainty as
well. The crystallization temperature and pressure of the
studied volcanic rocks based on mineral and melt compositions
were determined by calibrations suggested by various
researchers studying mineral thermodynamics. These
calculations are generally practiced based on the equilibrium
condition between mineral-mineral and mineral-melt.

4.3.7 Clinopyroxene thermobarometry

The equilibrium conditions between clinopyroxene and melt
are the effective factor in estimating crystallization
temperature, pressure, in connection with crystallization
depth. This equilibrium condition, which is based on the
temperature and pressure calculations, was investigated in
detail by [20],[107]-[110]. An equilibrium constant was also
determined based on Fe-Mg exchange and Kp(Fe-Mg)cpx-lia
=0.27+0.03 by [20]. In case of the Kp(Fe-Mg)erxlia is in the
desired range of 0.27+0.03, it is accepted that the mineral is in
equilibrium with the melt. The composition of the groundmass
glass or the bulk-rock composition of the rock can be used as a
melt or liquid composition during thermobarometric
calculations. The temperature and pressure estimates for the
clinopyroxenes of the Late Miocene basic volcanic rocks
obtained by using [20] calibrations and results are given in
Table 1.

Table 1. Pressure and temperature estimates [20] derived
from clinopyroxenes in the studied Late Miocene mafic
volcanic rocks (n = number of analyses).

Clinopyroxene thermometry and barometry ( n=20)

P(kbar) T(°C) Kp(Fe-Mg)crx-lia
Eqn 32b Eqn 32d Eqn 35
Minimum 0.73 1026.50 0.27
Maximum 8.30 1230.30 0.29
Mean 4.16+2.02 1179.32+53.90 0.3

The crystallization temperatures were revealed to vary from
1026.50 °C to 1230.30°C (mean, 1179.32+53.90°C), and
pressures yielded between 0.73 kbar and 8.30 kbar (mean,
4.16+2.02 kbar). The obtained crystallization pressures of the
studied volcanic rocks indicate that the crystallization depth of
the clinopyroxenes is between 2.76 km and 31.34 km (P=p-g-z,
noting that 1 kbar=100 MPa and g=9.81 m/s?, and to specify
that you used a density value of 2.7 g/cm?, which is reasonable
for Eastern Anatolia (1 kbar=3.7 km for continental crust [111].

4.3.8 Hornblende thermobarometer, hygrometer, and
oxygen fugacity

In the literature, there are several research studies to estimate
crystallization pressure of the hornblendes in volcanic rocks.
[11],[12], and [112] suggested calibrations that take into
account Al(M of hornblende and calculated the crystallization
pressure. Apart from these, new thermobarometers are being
developed nowadays[16],[17],[113]-[115]. [115] argued the
new calibration, which is based on the major oxide content of
the hornblende, and calculated the crystallization temperature,
pressure, oxygen fugacity (logfOz), and H20 content of the
magmas. The calculated crystallization temperatures and
pressure of the hornblende in the studied volcanic rocks are
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880.18°C to 1014.15°C (mean, 949+30.48°C), 2.53 kbar to 8.71
kbar (mean, 4.20+1.36 kbar), respectively (Table 2). The
crystallization depth of the hornblendes was determined as 9.6-
32.9 km (mean, 15.6 km) about the calculated crystallization
pressures (1 kbar = 3.7 km for continental crust; [111].

Table 2. Temperature, pressure, hydrometer, and oxygen
fugacity values derived from hornblendes in the studied Late
Miocene volcanic rocks [115]; n = number of analyses).

Hornblende thermometry, barometry, hygrometry, and oxygen
fugacity (n=19)

T(°C)  P(kPa) ANNO logf0;  (%)H:0
Minimum 880.18 2.53 0.39 -10.94 4.60
Maximum 1014.15 8.71 1.76 -8.92 6.32
Mean 949.58+  4.20+ 09+ -10.05% 5.34+
30.48 1.36 0.42 0.48 0.47

Oxygen fugacity (logfO2) is a crucial parameter in

crystallization processes of igneous rocks, and it can be
identified as the partial pressure of oxygen during magma
evolution. The thermodynamic condition, which is the function
of temperature and pressure, and the stability boundaries of
the rock-forming minerals are controlled by this parameter.
There is a direct proportion between oxygen fugacity and
temperature, and generally, an increase in temperature leads to
an increase in oxygen fugacity [16], [116]. The oxygen fugacity
values were obtained for hornblendes from the studied Late
Miocene basic volcanic rocks that vary between -10.94 and -
8.92 (mean, -10.05 = 0.48). The relative oxygen fugacity
(Nickel-Nickel Oxide, ANNO log units) range from 0.39 to 1.76
(mean, 0.92+0.42) (Table 2).

It is well known in literature that the H20 content of the
hornblende-bearing magmas is controversial. [117] suggest
that this content is in the range of 2-3%, while it is an average
5% according to [118]-[120], and an average 6% according to
[121]. The hornblendes in the studied volcanic rocks have H20
content between 4.60 % and 6.32 % (mean, 5.34+0.47
%)(Table 2). The existence of the hornblende as a hydrous
mineral shows that the magmas that formed the studied
volcanic rocks have high H20 and volatile content. [122] state
that this type of high-temperature and water-content magmas
can rise to shallow crustal levels without completely
crystallizing.

The studied volcanic rocks were crystallized at a pressure
between 2.5-9 kbar (250-900 PMa), and at a temperature
between 900-1000 °C (Figure 10a). In the P-T diagram (Figure
10a), most of the hornblendes from Late Miocene basic volcanic
rocks plot within domain of Tsc-Pgs+Pl+0l+Cpx+Opx+Mgn+ilm
and the other three samples plot in Tsc-Prg+Pl+Cpx+Opx+Mgn
* ilm domain, with nearly similar thermal stability values, such
as 900°C to 1000°C. Furthermore, the hornblende from the
studied volcanic rocks displays compatible behavior with the
pink dashed curve, representing a 35% crystallinity curve. In
the diagram of T(°C)-logfO2 (Figure 10b), hornblendes plot
between NNO and NNO+2 curves and are characterized by
comparatively low oxygen fugacity values that vary from 10.94
to -8.92. The Hz0 content of the samples is in the range of 4.60-
6.32% and they plot between the stability field of consistent
amphiboles, which is roughly constrained by the maximum
stability curve and the (lower) limit of consistent amphibole
crystallization in T(°C)-Hz0erg diagram (Figure 10c).
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Figure 10. (a): P-T. (b): logfO2-T ve (c): T-H201iq diagrams of
hornblendes from the studied Late Miocene basic volcanic
rocks [16].

5 Discussion

5.1 Disequilibrium parameters

It is well known that there is a close relation between the
stability of minerals in the melt, where the minerals are
present, and the chemical composition, volatile content, oxygen
fugacity, pressure, and temperature. When the disequilibrated
melt due to these parameters reaches the equilibrium
conditions again, the zonation, dissolution, and resorption of
the mineral shed light on determining and understanding the
disequilibrium processes that the minerals experienced [123]-
[132].

The existence of sieved plagioclase and both normal and sieved
plagioclase in the same sample, observing resorbed, embayed
plagioclases and pyroxenes [133],[134] are the petrographic
evidence of disequilibrium crystallization. The sieved texture
and resorptions (Figure 4a, b, c) observed along the rim of the
plagioclase phenocrysts of the Late Miocene basic volcanic
rocks indicate that the magmas that formed the studied
volcanic rocks may have experienced magma mixing and/or
assimilation processes during their crustal evolution [135].
[136] emphasize that the sieved texture in plagioclase can also
be accepted as evidence for pressure release due to the rapid
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ascent of the magma towards the surface. The sieved, resorbed,
and embayed pyroxene crystals in the studied volcanic rocks
are also evaluated as manifestations of magma mixing [3],
[131],[137] and/or decompression [138] during the evolution
of the magmas. Another disequilibrium texture is the reaction
texture of the quartz (Figure 4g), which is formed by a quartz
xenocryst surrounded by thin clinopyroxenes [139],[140]. The
occurrence of ocelli quartz xenocrysts in the Posof volcanic
basalts may serve as key evidence for magma chamber
recharging (mixing) and reheating events associated with
convection [141]. In basalts containing more than 51% SiOz,
quartz xenocrysts armored with granular clinopyroxene are
commonly observed. Nevertheless, quartz xenocrysts are
present even in the most mafic basalts [142].

5.2 The compositional variations observed in
plagioclases

The normal zoning of plagioclase is generally explained by the
single fractional crystallization phenomenon, while several
hypotheses have been brought forward for the reverse zoning.
They are:

0] Pressure and temperature increase in water saturated
conditions,

(ii) Temperature increase during ascent of the water
saturated magma [143],

(iii) Back-mixing processes of crustal magma chambers
[144] and

(iv) The temperature increase due to recharge of the

magma chambers by the hotter magmas [131].

The anorthite (An) contents of the normally zoned plagioclases
from Late Miocene volcanic rocks are in the range of An s1-77 in
the core, and in the Ansses in the rim. Reversely zoned
plagioclases characterized by an increase in An content from
core to rim, have an An content of Anso-70 in the core, and of
Ansi-72 in the rim. The core and rim anorthite content of the
plagioclases from the studied volcanic rocks shows variation in
a wide interval (29% for normally zoned plagioclases, 12% for
reversely zoned ones), and it is interpreted as crucial evidence
for magma mixing processes [145].

The magma mixing and decompression cause disequilibrium,
which is the reason for the genesis of textural and
compositional changes. However, the burning question is which
one is a more effective factor. Tracking the variation in TiO2
content of plagioclases is a precious way to determine the
reason for resorption, if it is related to magma mixing or
pressure decrease [132]. The detailed mineral chemistry
analyses of plagioclases from the studied volcanic rocks show
that both normally and reversely zoned plagioclases are
present in the same sample. It can be accepted as another
evidence for magma mixing processes.

The TiO2 content in the plagioclases from the studied volcanic
rocks ranges from 0.00 to 0.21 wt.%. To track compositional
changes between the core and the rim, ATiOz (TiOzcore-TiO2rim)
and AAn(Ancore-Anrim) parameters were calculated. The
negative trend in the ATiO2 versus AAn (Figure 11b) diagram
may result from TiOz increasing during magmatic
differentiation or be explained by an increase in the partition
coefficient as magma differentiates and An content decreases
[146].

The negative correlation was observed in the An versus TiO2
diagram of the core and the rim composition of the plagioclases

from the studied volcanic rocks (Figure 11a). It is postulated
that if the crystallization occurred in equilibrium conditions,
the reason for the consistent negative trend is recharging the
magma chamber by mafic magma that is leading high An, and
low TiO2z content, and/or contemporaneous fractional
crystallization [146].

The normally zoned plagioclases from Late Miocene basic
volcanic rocks display a magmatic differentiation
(fractionations) trend with positive AAnR (1.18-29.30) and
ATiOz values between -0.21 and 0.06 in the AAnR versus
diagram, which shows resorption of plagioclases due to both
pressure release and magma mixing.

The reversely zoned plagioclases display compatible variation
with the primitive magma enrichment trend, with ATiO:
varying from -0.05 to 0.08, and negative AAnR from -12.25 to -
1.07 in Figure 11b. The crystallization of normally zoned
plagioclase can be related to the recharging of the magma
chamber by evolved magma, and this leads to negative ATiO:
values, while reversely zoned plagioclases result from
recharging to the magma chamber by hot and primitive
magmas. Even if the plagioclases from the studied volcanic
rocks are normally zoned, the reversely zoned plagioclases are
also present in these volcanic rocks (Figure 11b). The presence
of both resorbed and normal plagioclase crystals and normally
and reversely zoned plagioclase in the same sample from the
studied Late Miocene basic volcanic rocks can be explained by
magma mixing during the evolution of the magmas.
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Figure 11. (a): An versus TiOz diagram showing the variations
of core and rim of the plagioclases. (b): AAnR versus ATiO2
diagram showing changes in normally and reversely zoned
plagioclases of the Late Miocene basic volcanic rocks [146],

(n: number of analyses).
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5.3 The compositional variations observed in pyroxenes

The magmatic processes, such as magma mixing, recharging of
magma chamber, fractional crystallization, and contamination,
cause the textural and compositional properties of pyroxenes,
and they play crucial role in interpreting these processes [147]-
[160] argued five different hypotheses to put forward the
purpose of the genesis of disequilibrium textures observed in
clinopyroxenes:

() The mixing of the compositionally distinct magma bodies,

(ii) Fractional crystallization from the single magma body at
low-pressure conditions,

(iii)  The fractional crystallization at different pressures,

(iv)  The presence of the xenocrystic cores indicating mantle
origin or derivation from compositionally different source,

) Crystals represent early cumulates being crystallized from
a parental magma to a zoned magma chamber and the back
mixing of cumulates with evolved residual liquid. The
clinopyroxes from the Late Miocene basic volcanic rocks
display disequilibrium textures such as resorptions in the
core and mantle of the crystals, and rounded crystals
(Figure 4e, h). The generation of sieved texture, resorption,
and erosion in clinopyroxenes can result from magma
mixing [3],[131],[137] or decompression [138].

The normally zoned orthopyroxenes have Mg# in the range of
0.85 in the core and 0.84 in the rim. The Mg# of reversely zoned
orthopyroxenes ranges from 0.75 to 0.85 in the cores and from
0.76 to 0.86 in the rims. (Figure 12a). The Mg# of the normally
zoned clinopyroxenes varies between 0.78 and 0.83 in the core,
and 0.72 and 0.83 in the rim. Reversely zoned clinopyroxenes
are characterized by Mg# ranging from 0.77 to 0.81 in the core,
and 0.80-0.84 in the rim (Figure 12b). In addition to these, the
presence of the normally and reversely zoned orthopyroxenes
and clinopyroxenes in a single sample may indicate magma
mixing processes.
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Figure 12. (a): Core-rim Mg number ((Mg/(Mg+Fe2+))
variations in orthopyroxes of the studied volcanics. (b): Core-
rim Mg number ((Mg/(Mg+Fe2+)) variations in clinopyroxenes

of the studied volcanics [162].

5.4 The crystallization history of the late miocene
magmas

The study area, located at the intersection of the Eastern
Pontides and the Erzurum-Kars Plateau, and its south, has been
reported as having a crustal thickness of ~38 km in the south
and ~50 km in the north, based on previous geophysical data
[91],[161],[163], with an average thickness of 45 km [91].

Traces of magmatic processes at different depths (such as
textural, petrographic, and chemical instabilities) are clearly
observed in the studied Late Miocene volcanic rocks.
Petrographic  observations, mineral chemistry, and
thermobarometric calculations indicate that magma evolution
occurred in multiple magma chambers at different pressures
and temperatures. Barometric data based on hornblende and
clinopyroxene minerals were used to determine crystallization
depth. According to these data, the magmatic system of the Late
Miocene volcanism developed through magma chambers
located at deep (20-30 km), middle (10-20 km), and shallow
(0-10 km) levels. Maximum pressure values calculated from
hornblende and clinopyroxene barometry correspond to the
deep magma chamber at depths of 32 and 31 km, respectively.

Melting, assimilation, storage, and homogenization processes
are effective in the hornblende and clinopyroxene phenocrysts
that begin to crystallize at these levels [164]. At this level,
hornblende crystallization occurred under moderate oxidation
conditions, along with olivine and orthopyroxene with high
forsterite (Fo) content. Hornblende and clinopyroxene
crystallization occurred simultaneously in the magma, which
continued to ascend and settled into the middle magma
chamber at a depth of 15 km. Normal and reverse zoning, as
well as rounded, sieve-like, and dissociated-edge crystal
morphologies observed in the medium-anorthite-containing
plagioclases, are clear indicators of magma mixing. The
presence of normal and reverse-zoned plagioclases within the
same sample indicates multiple magma intrusions within an
open-system magma chamber. As magma ascended to depths
between 2 and 9 km, its energy decreased, and the
crystallization processes became more stable. Under high
oxidation conditions, the crystallization of opacified
hornblende crystals culminated in the formation of
clinopyroxene at a depth of 2 km. At this level, melting and
assimilation processes were limited, resulting in products
closer to the final composition of the magma. In conclusion, the
Late Miocene volcanic rocks studied reflect a multi-stage
magmatic evolution that developed in magma chambers at
different depths. When the petrographic, mineral chemistry,
and geobarometric data are evaluated together, it is possible to
conclude that the investigated volcanic rocks are derived from
volatile-rich magmas under polybaric crystallization
conditions.

6 Conclusions

The Late Miocene basic volcanic rocks consist of basalt, basaltic
andesite, and andesite. Petrographic examinations indicate that
these volcanic rocks commonly contain plagioclase,
clinopyroxene, orthopyroxene, olivine, and opaque minerals
(predominantly Fe-Ti oxides), while they locally include
subordinate amounts of opaque hornblende. In these volcanic
rocks, several textural features were identified, such as sieve
texture, resorption texture, zoning, and the coexistence of both
normally and reversely zoned plagioclases within the same
sample. These features represent evidence for disequilibrium
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crystallization. Mineral chemistry analyses reveal that the Late
Miocene volcanic rocks are mainly composed of plagioclase
(Anie-77), clinopyroxene (Wo39-45Enss-soFs11-12), orthopyroxene
(Wo3-4En73-82Fs14-24), olivine (Foe3-86), hornblende (Mg#0.62-
0.79), and Fe-Ti oxides (Uspo.os-1.44, [lmoa.10-95.53). According to
clinopyroxene-melt thermobarometry results indicate
crystallization temperatures ranging from 1026.5 to 1230.3 °C
(mean 1179.32 + 53.9 °C) and crystallization pressures
between 0.73 and 8.3 kbar (mean 4.16+2.02 kbar). Hornblende
thermobarometry, hygrometry, and oxygen fugacity
calculations yield crystallization temperatures between 880.18
and 1014.15 °C (mean 949+30.48°C), crystallization pressures
between 2.53 and 8.71 kbar (mean 4.20+1.36 kbar), water
contents ranging from 4.60 to 6.32 wt.% (mean 5.34+0.47
wt.%), and oxygen fugacity (logfOz) values from (-10.94) to (-
8.92) (mean -10.05+0.48). ANNO (Delta Nickel-Nickel Oxide)
values range from 0.39 to 1.76 (mean 0.92+0.42). The

occurrence of both normal and reverse zoning in
clinopyroxenes and  plagioclases reflects  variable
physicochemical conditions during magma evolution.

Combined evaluation of the clinopyroxene and hornblende
thermobarometry results suggests that the Late Miocene basic
volcanic rocks crystallized from hydrous and volatile-rich basic
magmas under oxidizing conditions at mid-to shallow-crustal
levels, approximately 15 km depth, and at relatively high
temperatures.
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Appendix A.
Electron microprobe analysis results of olivine phenocrysts from Late Miocene basic volcanic rocks.
Sample Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-21  Po-21 Po-21  Po-21  Po-21
Mineral cd c4 c4 c4 c5 c7 c7 c8 c8 9 [ 9 c% cl cl c2 c2 c2
oll oll ol2 ol2 ol oll oll oll oll oll oll 0l2 ol3 oll oll oll oll ol2
pheno pheno phene pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno
core rim core rim core core rim core rim core rim core core core rim core rim core
Si02 4007 3954 3984 39.60 3974 3995 4002 3968 4013 4027 4012 3946 3705 3874 3768 3738 3667 3745
TiO: 000 000 003 000 000 000 000 000 000 000 000 000 006 000 000 000 000 001
Al2O3 006 002 006 005 007 004 004 002 006 004 001 003 022 004 008 002 000 003
Cr20s 000 000 001 000 000 000 000 000 000 001 000 002 000 000 000 000 000 000
FeO 1499 1587 1484 1507 1465 1471 1562 1488 1507 1333 1503 1475 1501 2011 2580 2889 3190 2791
Mno 026 039 029 031 033 033 035 028 030 021 040 033 035 035 043 046 055 045
MgO 4472 4352 4448 4413 4469 4445 4382 4471 4420 4602 4446 4431 5018 4093 3656 33.56 3118 3453
NiO 031 014 029 020 025 038 019 033 035 049 022 021 025 013 010 005 000  0.09
Ca0 019 020 017 021 023 020 022 021 020 017 015 019 030 031 037 035 029 038
Total 10070 9973 10018 99.57 100.01 100.08 10031 100.14 10039 100.58 10040 59.46 103.56 100.61 101.05 10072 100.63 100.88
Si 100 100 100 100 100 160 101 100 101 101 101 099 093 099 099 100 100 099
Ti 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Al 000 000 000 000 000 000 000 000 000 000 000 000 001 000 000 000 000 000
cr 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Fe2 0.31 034 031 032 031 031 033 031 032 028 032 031 032 043 057 065 072 062
Mn 001 001 001 001 001 001 001 001 001 000 001 001 001 001 001 001 001 001
Mg 167 164 167 166 167 166 164 167 166 172 166 166 188 156 143 134 126 137
Ni 0.01 000 001 000 001 001 000 001 001 001 000 000 000 Q00 000 000 000 000
Ca 001 001 000 001 001 001 001 001 001 000 000 001 001 001 001 001 001 001
Total 300 300 300 300 300 300 299 300 300  3.04 301 298 315 301 301 300 300  3.00
Mg 084 083 084 084 084 084 083 084 084 086 084 084 086 078 072 067 064 069
To 8394 8267 8397 83.64 8417 8405 8303 8402 8368 8584 8371 83.96 8534 7810 7130 6708 63.13 6845
Fa 1578 1691 1572 1602 1547 1560 1660 1569 1600 13.94 1587 1568 1432 21.52 2822 3240 3623  31.04
Fe/(Fe+Mg) 0.6 017 016 0le 016 016 017 016 016 014 016 016 014 022 028 033 036 031

Mg # = Mg/(Mg+Fe2+). The formula was calculated on the basis of 4 oxygens. Fe?* was taken as total Fe. ol: olivine; pheno: phenocrysts; mic: microlite.
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Appendix A. (Continued)

Sample Po-21 Po-21 Po-21 Po-21 Po-21 Pe-21 Po-21 Po-Z1 Po-21 Pe-21 Po-21 Po-21 Pe-21 Po-21 Po-21 Pe-21 Po-31 Po-31
Mineral c2 c3 c3 6 c6 c7 c7 c8 c8 c8 cl0 cl0 c10 cl0 cle c10 cl cl

ol2 oll oll oll oll oll oll oll oll oll oll oll ol2 ol2 ol3 0l3 oll oll

pheno  pheno phene pheno pheno pheno pheno pheno pheno pheno pheno pheno pheno  pheno  pheno pheno  pheno  pheno
rim core rim core rim core rim core rim core core rim core rim core rim core rim

Si0z 37.06  39.22 3751 3906 3870 3950 3727 3876 3812 3755 3779 3779 3976 3941 3906 3933 3827 3794
TiOz2 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Al203 0.01 0.06 0.06 0.03 0.05 0.05 0.05 0.08 0.03 0.06 0.05 0.05 0.05 0.06 0.06 0.07 0.07 0.05
Cr203 0.c0 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00
FeOQ 29.26 17.32 28.12 17.13 2046 17.28 28.06 21.50 2519 2999 2553 26.12 16.12 17.93 19.33 17.56 2251 25.07
MnO 047 0.25 0.50 0.26 0.32 .25 047 033 0.38 0.49 0.41 0.40 0.24 0.29 0.25 0.26 047 0.66
MgO 33.44 4331 3402 4283 4039 4272 3377 3992 3655 3327 3654 36.61 43.66 4245 4115 4318 3864 3682
NiO 0.01 0.08 0.09 0.21 0.10 0.11 0.08 0.05 0.05 0.01 012 0.08 0.18 0.11 0.10 0.18 0.13 0.07
Ca0 0.29 0.33 034 0.24 0.28 0.25 0.34 0.35 0.30 0.35 031 0.33 0.26 0.29 0.26 0.25 0.32 0.28

Total 10056 100.61 10135 99.81 10032 100.19 100.05 101.05 10066 101.76 10076 10141 10034 10056 100.21 100.85 100,52 100.92
Si 0.99 0.99 0.99 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.99 0.99 1.00 1.00 1.00 0.99 0.99 0.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fez+ 0.66 037 0.62 0.37 0.44 0.37 0.63 0.46 0.55 0.67 0.56 0.57 0.34 0.38 0.41 0.37 049 0.55
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 134 1.63 1.37 1.63 1.55 1ol 1.35 153 1.43 132 143 143 1.64 1.60 157 l1.62 1.50 144
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 3.01 3.01 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.01 3.00 3.00 3.00 3.01 3.00 3.01
Mg# 0.67 0.82 0.69 0.82 0.78 0.82 0.68 0.77 0.72 0.66 0.72 071 0.83 0.81 0.79 0.81 0.75 072
Fo 66,73 8146 6832 8144 7760 8129 6785 7653 7182 6604 7152 7111 8263 8060 7893 8119 7498 71.83
Fa 32,74  18.27 3112 1827 2205 1844 3162 2312 27.76 3340 2802 2845 1712 1909 2080 1852 2450 2744
Fe/{Fe+Mg) 033 0.18 031 0.18 0.22 0.18 0.32 0.23 0.28 0.34 028 0.29 0.17 0.19 0.21 0.19 0.25 0.28

Mg # = Mg / (Mg+Fe2+). The formula was calculated on the basis of 4 oxygens. Fe** was taken as total Fe. ol: olivine; pheno: phenocrysts; mic: microlite.

Appendix A. (Continued)

Sample Po-31  Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 PFo-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-21
Mincral cl cl 2 c2 c3 3 cd 4 cd c4 c5 c5 6 cb c7 c7 c7 c7 c3
oll oll ol1 oll oll ol1 oll ol1 012 0l2 oll ol oll oll ol1 oll ol2 ol2 oll
pheno  pheno pheno  pheno  pheno  pheno  pheno  pheno pheno  pheno pheno  pheno  pheno pheno  pheno  pheno pheno  pheno mik
core rim core rim core rim core Tim core Tim core rim core rim core rim core rim
Si0z 3812 37.60 3810 3808 3871 3822 3830 3818 3837 3790 3836 3832 3781 3795 3834 3795 3845 3841 3535
TiO: 0.04 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 001 0.00 0.00 0.03 0.02
Alz0z 0.00 0.02 0.05 0.04 0.03 0.05 0.05 0.04 0.08 0.00 0.03 0.02 0.10 0.05 003 0.04 0.03 0.01 0.03
Cr20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 2456 2450 2333 2393 2113 2463 2301 2460 2321 2455 21.19 2476 2417 24.64 2410 2407 2301 2421 3817
MnQ 0.54 0.66 0.56 0.55 0.43 .59 0.51 0.59 0.53 0.61 046 0.60 0.52 0.65 0.56 0.56 0.51 0.59 0.65
Mg() 3624 3687 3752 37.09 3964 3679 3771 3653 3755 3702 3927 3708 3751 3645 3798 3696 3853 3738 2641
NiO 0.17 0.07 0.13 0.10 0.14 0.13 0.10 0.09 0.11 0.05 0.15 0.10 0.12 0.02 0.10 0.12 0.14 0.09 0.06
Ca0 0.29 0.33 0.29 0.32 0.24 0.35 0.30 0.29 0.31 0.28 0.28 0.28 0.23 0.32 0.29 0.29 0.35 0.24 0.39
Total 99.97 100.13 100.00 100.14 10039 10078 100.04 100.32 10028 100.50 9986 10117 10047 10010 10143 100.02 10L10 10106 10110
Si 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.99 1.00 0.99 1.00 1.00 1.00 0.89
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.54 0.54 0.51 0.53 0.46 0.54 0.50 0.54 0.51 0.54 0.46 0.54 0.53 0.54 0.52 0.53 0.50 0.53 0.80
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 142 145 1.47 1.45 1.53 143 147 143 1.46 145 1.52 1.44 146 1.43 1.47 145 1.49 145 0.99
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 2.99 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.01 3.00 3.00 3.00 271
Mgt 0.72 0.73 0.74 0.73 0.77 0.73 0.75 0.73 0.74 0.73 0.77 0.73 0.73 0.73 0.74 0.73 0.75 0.73 0.55
Fo 7202 7231 7368 7298 7662 7221 7408 7211 7382 7239 7637 7226 7303 7198 7330 7279 7449 7287 5480
I'a 2738 2695 2570 2640 2290 2712 2535 27.23 2559 2693 2342  27.07 2639 27.29 2609 2659 2495 2647 4443
Fe/(Fe+Mg) 0.28 0.27 0.26 0.27 0.23 0.27 0.25 0.27 0.26 0.27 0.23 027 0.27 0.27 0.26 0.27 0.25 0.27 0.45

Mg # = Mg / (Mg+Fe?+). The formula was calculated on the basis of 4 oxygens. Fe?* was taken as total Fe. ol: olivine; pheno: phenocrysts; mic: microlite.
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Appendix B.

Electron microprobe analysis results of orthopyroxene phenocrysts from Late Miocene basic volcanic rocks.
Sample Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-35  Po-35
Mineral 2 c2 €3 3 5 c5 c9 9 9 [

opx-1 apx-1 opx-1 - opx-1 opx-1 opx-1 opx-1 opx-1  opx-1  opx-1
pheno  pheno pheno pheno pheno phene pheno pheno pheno  pheno
core rim core mid core rim core rim core rim
$i0z2 5520 56.13 5358 5298 5550 5544 5508 5486 5439 5511
TiOz 0.16 0.15 0.22 0.27 0.17 0.20 024 0.20 0.23 0.05
Al0s 170 1.10 179 2.67 1.76 1.83 1.92 211 3.67 1.30
Crz0s 0.15 013 0.00 0.00 0.18 216 015 0.20 0.02 0.17
FeC 9.23 9.20 15.42 14.76 9.76 5.79 9.81 9.88 10.74 10.70
MnO 027 0.24 045 0.26 0.25 0.23 027 0.21 0.21 0.23
MgO 3042 30,74 2653 2674 30.08 3004 30.24 2963 2885 3034
Ca0 210 197 1.28 136 1.98 191 1.78 192 1.42 1.34
Na:0 0.02 0.04 0.01 0.01 0.06 0.04 .02 0.03 0.07 0.04
K:0 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.02 0.00
Total 99.24 99.70 99.28 99.05 99.74 99.65 99.52 99.07 99.63 99.28
Si 196 1.98 195 1.93 1.96 1.96 2.06 2.05 1.93 1.96
Ti 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00
Al 0.07 0.05 0.08 011 0.07 0.08 0.08 0.09 0.15 0.05
Cr 0.00 0.00 0.00 0.00 0.01 7.00 0.00 0.01 0.00 0.00
Fe 027 0.27 047 0.45 0.29 0.29 031 0.31 0.32 0.32
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.61 161 1.44 145 158 1.58 1.69 1.65 1.52 161
Ca 0.08 0.07 0.05 0.05 0.07 0.07 0.07 0.08 0.05 0.05
Na 0.00 0.00 0.00 0.00 0.00 0.00 2.00 0.00 0.01 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.01 4,01 4.00 4.00 423 4.20 3.99 4.01
Mg# 0.85 0.86 0.75 0.76 0.85 0.85 0.85 0.84 0.83 0.83
Wo 4 4 3 3 4 4 3 4 3 3
En 8z 82 73 74 81 81 81 81 80 81
Is 14 14 24 23 15 15 14 15 17 16
Total 100 100 100 100 100 100 100 100 100 100

Mg # = Mg / (Mg+Fe2+). The formula was calculated on the basis of 6 oxygens.
taken as total Fe. opx: orthopyroxene; pheno: phenocrysts; mid.: middle Italic

were used for P-T calculations.

Fe?* was
columns

Appendix C.
Electron microprobe analysis results of clinopyroxene phenocrysts from Late Miocene basic volcanic rocks.
Sample Po-6 Po-6 Po-6 Pe-6 Po-6 Pe-6 Po-6 Po-6 Po-6 Pe-17  Po-17 Po-17 Pe-17 Po-17 Po-17 Po-17 Po-17 Po-17
Mineral c5 c7 c8 c8 c8 c8 c8 cll cll cl cl c3 c3 c5 c5 c5 <5 c6
cpx-2 cpx-1 cpx-1 cpx-1 cpx-1 cpx-2 cpx-2 cpx-1 cpx-3 cpx-1 cpx-1 cpx-1 cpx-1 cpx-1 cpx-1 epx-2 cpx-2 cpx-1
pheno  pheno  pheno pheno  pheno  pheno  pheno  pheno  pheno pheno  pheno  pheno  phene  pheno  pheno  pheno  pheno  pheno
core rim mid. mid. rim core rim core rim core rim core rim core rim core mid, mid.
Si0z 5144 5212 5060 5253 5277 5115 5178 51.85 5158 5091 5062 5110 5086 51.81 5057 5133 50.69 5024
Ti0z 0.43 0.31 0.86 0.36 0.36 0.61 0.39 0.38 042 a.52 0.60 0.66 0.55 0.66 0.77 0.72 0.77 0.64
Al203 3.42 2.54 3.57 2.28 2.53 2.64 3.08 2.60 2.89 3.10 3.54 2.92 3.45 z2.32 3.60 2.76 3.24 3.80
Cr203 0.25 0.27 0.00 .36 023 0.06 0.24 0.22 0.39 0.27 0.18 0.00 0.30 0.02 0.40 0.00 0.00 0.31
FeQ 6.52 6.21 8.21 6.09 5.70 7.07 6.80 6.74 6.13 6.66 6.60 7.18 647 677 6.49 7.62 7.88 7.14
MnQ 019 0.18 0.26 018 0.19 0.21 0.18 017 0.17 017 0.20 023 0.18 025 0.17 0.23 0.27 017
MgO 1689 1713 1568 1768 1735 1652 17.19 1665 1667 1615 1578 1575 1618 1652 1571 1600 1577 1568
Ca0 19.82 19.90 19.13 19.51 2012 20.37 1885 20.23 20.35 21.21 21.13 2067  20.80 2026  21.20 19.74 19.67 2042
Na:0 038 0.38 0.71 031 0.38 0.49 0.39 0.34 0.34 0.41 0.40 0.53 0.40 0.57 0.37 0.83 0.86 0.60
Kz0 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 9933 99.04  99.03 9929  99.64 9912 9899 99.18 9894 9940 99.06 9904 9918 9917 99.27 9922 9915 99.00
Si 190 1.93 189 196 197 191 194 1.94 193 1.89 1.89 191 1.89 1.92 1.88 191 189 188
Ti 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Al 0.15 0.11 0.16 0.10 0.11 012 0.14 0.11 0.13 0.14 0.16 013 0.15 010 0.16 0.12 0.14 017
Cr 0.01 0.01 0.00 .61 0.01 0.60 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01
Fei+ 0.20 0.19 0.26 019 0.18 022 0.21 0.21 0.19 0.21 0.21 0.22 0.20 021 0.20 0.24 0.25 022
Mn 0.01 0.01 0.01 .01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 001
Mg 0.93 0.95 0.87 0.99 057 0.92 0.96 0.93 093 0.90 0.88 0.68 0.90 0.92 0.87 0.89 0.88 0.87
Ca 0.79 0.79 0.77 0.78 0.81 0.62 0.76 .81 0.82 0.85 0.84 0.683 0.83 0.81 0.85 0.79 0.79 0.82
Na 0.03 0.03 0.05 0.02 0.03 0.04 0.03 0.02 0.02 0.03 0.03 0.04 0.03 0.04 0.03 0.06 0.06 0.04
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.02 4.02 4.03 4.67 4.09 4.05 4.05 4.05 4.05 4.03 4.03 4.03 4.03 4.03 4.02 4.04 4.04 4.04
Mg# 0.82 0.83 0.77 0.84 0.84 0.81 0.82 0.81 0.83 0.81 0.81 0.80 0.82 0.81 0.81 0.79 0.78 0.80
We 4084 4086 4026 3983 4121  41.58 39 41.50 4202 4330 4369 4278 4292 4160 4395 4105 4106 4263
En 48.42 48.94 4593 5025 49.44 46.91 50 47.52 4790 45.90 4541 45.34 46.45 47.21 45.33 46.31 4581 45.57
Fs 10.74 1020 1381 9.92 9.35 11.51 11 1098 1008 1080 1090 1188 1063 11.19 1072 1263 1313 11.80
Tatal 160 100 100 100 100 100 100 100 100 100 100 100 100 i60 100 100 100 160

Mg # = Mg/(Mg+Fe2+). The formula was calculated on the basis of 6 oxygens. Fe?* was taken as total Fe. cpx: clinopyroxene; pheno: phenocrysts, mid.:
middle. Italic columns were used for P-T calculations.
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Appendix C.
(Continued)

Sample Po-17 Po-21  Po-21 Po-21 Pe-21 Po-21 Po-21 Pe-21 Po-21 Po-35 Po-35 Po-35 Po-35
Mineral c6 cd ¢l c4 c4 c9 9 cif ¢l10 €3 3 cil cll
cpx-1  epx-Z cpx-2 cpx-1 cpx-1 cpx-1 cpx-1  cpx-1 cpx-1 epx-1 cpx-2  cpx-1 cpx-1
pheno pheno pheno pheno pheno phene pheno pheno pheno pheno pheno  pheao  pheno

rim core rim core rim core rim core rim core rim core rim

5i02 5068 4956 4983 5001 5184 5080 5096 5192 52,04 5264 5119 5194 5138
Ti0-2 0.64 109 1.70 1.20 0.65 112 1.26 0.84 0.90 2.29 0.50 046 0.45
Al 03 3.80 3.86 2.88 3.61 1.78 317 293 182 168 2.52 3.07 3.05 3.05
Crz03 0.29 065 0.00 0.51 0.24 0.24 0.06 0.06 0.02 0.31 0.02 0.24 0.00
FeO 7.35 718 9.56 7.21 7.60 7.39 8.10 7.64 857 531 8.44 5.87 7.89
MnO 0.18 020 0.25 0.14 0.19 0.15 0.22 .19 022 0.16 022 0.15 0.18
Mg0 1544 1496 1414 1480 1676 1479 1476 1534 1550 1682 1509 1637 1561
Ca0 2013 21.34 20.61 21.34 20.22 21.64 21.36 21.20 20.65 20.92 2046 2113 20.05
Naz0 0.54 .36 0.36 0.40 0.24 0.32 0.34 .35 030 0.32 044 .42 043
K20 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Taotal 99,04 9927 9934 9922 9953 9962 9999 9936 9988 9928 9944 9962 99,04
Si 1.89 1.86 1.88 187 193 1.89 1.50 1.94 194 1.94 191 192 192
Ti 0.02 0.03 0.05 0.03 0.02 0.03 0.04 0.02 0.03 0.01 0.01 0.01 0.01
Al 017 0i7 0.13 016 0.08 0.14 0.13 0.08 0.07 a.11 0.14 0.13 0.13
Cr 0.01 002 0.00 0.02 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Fe2! 0.23 023 0.30 0.23 0.24 0.23 0.25 .24 027 a.16 026 0.18 0.25
Mn 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 001 0.00 0.01
Mg 0.86 0.84 0.80 0.83 093 0.82 0.82 0.85 0.86 0.92 0.84 0.90 087
Ca 0.80 .86 0.83 0.86 0.80 0.86 0.85 .85 082 0.83 082 0.83 0.80
Na 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.03 0.03 0.03
K 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.02 4.03 4.02 4.02 4.02 4.01 4.02 4.01 4.01 1.01 4,02 4.02 4.02
Mg# 0.79 079 0.72 0.79 .80 0.78 0.76 0.78 0.76 0.85 0.76 0.83 0.78
Wo 42.42 44.57 43.03 44.79 40.78 45 44,15 43.59 42.09 43.06 4246 4350 4173
En 45.27 43.48 41.07 43.24 47.02 43 42.47 43.68 43.96 4817  43.59 46.88  45.21
Fs 1230 1194 1591 1198 12.21 iz 13.38 1253 13.95 8.78 13.95 9.62 13.06
Total 100 100 100 100 100 00 100 100 100 100 100 100 100

Mg # = Mg/(Mg+Fe2+). The formula was calculated on the basis of 6 oxygens. Fe** was taken as total Fe. cpx:
clinopyroxene; pheno: phenocrysts, mid.: middle. Italic columns were used for P-T calculations.

Appendix D.

Electron microprobe analysis results of plagioclase phenocrysts and microlite from Late Miocene basic volcanic rocks
Sample Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6
Mineral cl cl cl cl c2 2 c2 c2 c4 c4 c4 c4 c7 c7 9 9 cl¢ ¢l

pl-1 pl-1 pl-2 pl-2 pl-1 pl-1 pl-2 pl-2 pl-1 pl-1 pl-2 pl-2 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1
pheno  pheno phene  phene  pheno  pheno pheno pheno pheno phene pheno pheno pheno pheno pheno phene pheno phene
core rim core rim core rim core rim core rim core rim core rim core rim core rim
Si02 5369 5262 5247 5461 5268 5323 5246 5263 5361 5383 5239 5429 5235 5345 5291 5357 5229 5287
AlaO3 28.37 29.21 2940 27.85 29.14 29.06 29.36 29.19 28.72 28.65 29.41 28.45 2913 28.75 29.06 28.32 29.67  29.30
FeO 0.84 0.86 0.85 1.01 .79 (.88 0.95 0.88 0.92 0.94 (.85 .94 0.80 0.77 0.87 1.04 0.79 0.95
Cal 1160 1245 1253 1076 1255 1209 1229 1229 1174 1135 1236 11.20 1236 1159 1227 1177 1247 1205
Naz0 471 418 4.12 5.17 4.11 4.46 414 4.39 4.46 4.53 4.12 4.59 417 4.53 4.40 4.46 4.03 4.19
K:0 0.32 0.28 0.26 0.37 0.28 027 0.31 0.27 0.32 0.34 0.26 0.32 0.25 0.32 0.28 0.33 0.25 0.24
Ba0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 9953 99.59 99.64 99.77 99.54 99.98 9952 99.64 99.77 99.64 99.38 99.80 99.06 99.40 99.80 99.48 99.49 99.60
Si 9.70 5.50 9.48 9.86 9.51 261 947 951 9.68 9.72 946 9.81 946 9.65 9.56 9.68 9.44 9.55
Al 6.04 6.22 6.26 5.93 620 619 6.25 621 6,11 6,10 6.26 6,06 6.20 6.12 6,19 6,03 632 6,24
Fez+ 0.13 0.13 0.13 0.15 012 013 0.14 013 0.14 0.14 0.13 0.14 012 0.12 0.13 0.16 012 0.14
Ca 2.24 241 242 2.08 243 2.34 2.38 2.38 227 2.20 2.39 217 2.39 2.24 2.38 2.28 241 2.33
Na 1.65 146 1.44 1.81 144 1.56 1.45 154 1.56 1.59 144 161 1.46 1.59 1.54 1.56 141 1.47
K 0.07 0.06 0.06 0.09 0.06 0.06 0.07 0.06 0.07 0.08 0.06 0.07 0.06 0.07 0.07 0.08 0.06 0.06
Ba 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 1983 1979 1979 1992 1977 1989 1977 1983 1984 1982 1974 1985 1969 1979 1985 19.77 1976 19.78
An 57 61 62 52 62 59 61 60 58 57 61 56 61 57 60 58 62 6l
Ab 42 37 37 45 37 39 37 39 40 41 37 42 37 41 39 40 36 38
Or 2 2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 1 1
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

The formula was calculated on the basis of 32 oxygens. Fe?* was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle.
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Appendix D. (Continued).

Sample Po-6 Po-6 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-17 Po-21 Po-21 Po-21 Po-21
Mineral cl1 cll 2z c2 c3 c3 c3 c3 c6 c6 <7 8 c9 c9 3 3 c5 c5
pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-2 pl-2 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1
phene  pheno pheno pheno pheno pheno pheno phenoc pheno pheno pheno phene pheno pheno pheno pheno  phenc  pheno
core rim core Tim core rim core rim core rim rim rim core rim core rim ore rim
Si0z 53.66 53.49 52.44 52.19 5493 52.57 55.06 54.89 52.24 55.13 51.70 54.05 55.57 52.00 48.30 54.19 50.46 49.86
Alz03 28.58 29.20 29.48 29.74 27.54 29.21 26.99 27.70 29.62 26.89 29.65 27.73 27.52 29.42 32.61 28.30 31.35 3210
Fe( 0.77 0.84 083 0.77 0.65 0.68 0.93 0.87 0.82 1.42 0.86 1.19 0.88 0.98 0.59 0.85 0.54 0.56
Ca0 11.25 12.10 12.50 12.54 1044 11.70 10.05 10.46 12.36 10.25 1232 10.73 9.94 12.23 1592 10.60 1431 14.60
Naz20 4.58 4.35 424 4.07 511 441 5.34 5.16 4.20 5.41 4.16 5.05 5.55 4.26 2.55 527 339 3.07
K20 0.32 0.30 0.37 034 0.49 0.39 0.58 0.50 0.33 0.57 032 052 0.61 0.38 0.09 028 0.08 0.09
Ba0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00
Tatal 99.16 10028 99.86 99.64 99.16 98.96 98.94 99.59 99.58 99.67 99.00 9928 10007 99.26 100.05 9949 100.13 100.28
Si 8.69 9.66 947 943 992 9.49 9.94 991 9.44 9.96 9.34 9.76 10.04 9.39 8.87 9.87 9.20 9.09
Al 6.08 6.22 6.28 6.33 5.86 622 574 5.90 6.31 572 631 5.90 5.86 6.26 7.05 6.07 6.74 6.89
Fe2 012 0.13 0.13 012 0.10 0.10 0.14 0.13 012 0.21 0.13 0.18 0.13 0.15 0.09 013 0.08 0.08
Ca 2,18 2.34 242 243 2.02 2.26 195 2.02 2.39 1.98 238 2.08 1.92 2.37 3.13 2.07 280 2.85
Na 1.60 1.52 148 142 179 1.54 187 1.81 147 1.89 146 1.77 1.94 149 0.91 1.86 1.20 1.08
K 0.07 0.07 0.09 0.08 0.11 0.09 0.13 011 0.08 0.13 0.07 012 014 0.09 0.02 0.07 0.02 0.02
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 19.75 19.94 19.86 19.80 19.80 19.71 19.78 19.89 19.80 19.90 19.69 19.81 20.03 19.75 20.07 20.06 20.04 2002
An 56 60 61 62 51 58 49 51 61 50 61 52 48 60 77 52 69 72
Ab 42 39 37 36 46 40 47 46 37 47 37 45 48 38 22 46 30 27
or 2 2 2 2 3 2 3 3 2 3 2 3 4 2 1 2 1 1
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
The formula was calculated on the basis of 32 oxygens. Fe?* was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle.
Appendix D. (Continued).
Sample Po-21  Po-21 Po-21 Po-21 Po-35 Po-35 Po-35 Po-35  Po-35 Po-35 Po-35  Po-35 Pe-35  Po-35 Po-35  Po-35  Po-35  Po-35
Mineral c7 7 cl2 cl12 cl cl cl cl 2 c2 2 c2 c2 c3 3 c4 c4 c4
pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-3 pl-3 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-1 pl-2 pl-2
pheno  pheno pheno  pheno  pheno  pheno  pheno  pheno  pheno pheno  pheno  pheno  pheno  pheno  pheno  pheno  pheno  pheno
core rim core rim core Tim core rim core mid-1 mid-2 mid-3 rim core rim core core rim
S§i02 51.23 58.08 49.53 52.03 54.60 54.10 5181 53.19 57.00 55.72 57.98 58.31 5333 55.18 57.81 55.48 54.74 56.37
A0y 30.64 25.86 31.49 30.11 28.73 29.11 30.06 28.96 27.30 27.61 26.52 26.40 28.71 2839 26.64 2813 2841 27.72
FeQ 0.68 0.74 0.38 0.65 042 0.34 0.40 0.50 0.23 0.32 0.29 0.23 0.54 0.36 0.26 0.38 0.34 0.32
Ca0 13.60 7.69 14.83 12.74 11.08 1124 13.00 11.80 9.12 9.63 8.02 8.10 12.19 1038 8.55 10.08 10.73 9.36
Na:0 3.70 6.81 3.03 4.01 5.10 497 4.07 4.47 6.23 576 6.56 6.44 4.39 5.40 6.35 543 524 593
K20 0.15 0.58 0.10 0.19 0.21 0.19 0.15 0.19 0.29 0.28 0.34 0.43 0.26 0.24 0.32 0.28 0.25 0.27
Ba0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.99 99.75 99.38 99.74 100.15  99.85 9949 9912 10017 99.32 99.70 99.91 99.42 99.94 9994 9977 9972 99.98
Si 9.34 10.46 .11 9.49 9.86 9.77 9.36 9.61 10.29 10.06 1047 10.53 9.63 9.97 10.44 10.02 9.89 1018
Al 6.59 5.49 6.83 647 6.12 6.20 6.40 6.16 581 5.88 5.64 5.62 6.11 6.04 5.67 5.99 6.05 550
Fe2+ 0.10 011 0.06 0.10 0.06 0.05 0.06 0.08 0.03 0.05 0.04 0.03 0.08 0.05 0.04 0.06 0.05 0.05
Ca 2.66 148 292 249 214 2.17 2.51 2.28 1.76 1.86 1.55 1.57 2.36 2.01 1.65 1.95 2.08 1.81
Na 131 2.38 1.08 142 179 1.74 142 1.56 218 2.02 230 2.25 154 189 222 1.90 1.84 2.08
K 0.03 0.13 0.02 0.04 0.05 0.04 0.04 0.04 0.07 0.06 0.08 0.10 0.06 0.05 0.07 0.06 0.06 0.06
Ba 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 20.03 20.05 20.03 20.01 20.02 19.98 19.79 19.74  20.15 19.93 20.09 20.11 19.78 20.02 20.10 19.98 19.96 20.08
An 66 37 73 63 54 55 63 59 44 47 40 40 60 51 42 50 52 46
Ah 33 60 27 36 45 44 36 40 54 51 58 58 39 48 56 48 46 53
Or 1 3 0 1 1 1 1 1 2 2 2 2 1 1 2 2 2 1
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

The formula was calculated on the basis of 32 oxygens. Fe?* was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle.

Appendix D. (Continued).

Sample Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35  Po-35
Mineral c5 c5 <5 c5 c6 c6 [ c6 c7 c7 c7 7 c9
pl-1 pl-1 pl-2 pl-2 pl-1 pl-1 pl-2 pl-2 pl-1 pl-1 pl-2 pl-2 pl-1
pheno  pheno  pheno pheno pheno pheno pheno pheno  pheno phene pheno  pheno  pheno
core rim core rim core rim core rim corg rim core rim rim
Si0z 48.68 52.20 54.42 59.93 52.80 5212 5782 54.71 51.85 51.35 52,51 51.94 51.64
Al203 32,27 30.03 28,80 25.41 29,82 29,51 2649 28.53 2977 3012 29.56  30.28 29.77
FeQ 0,37 0.38 0.18 0,29 041 0.52 0.21 0.26 047 0,39 0.52 045 0.53
Cal 15.31 12.32 10.75 7.02 12.08 12.47 7.99 10.57 12.64 13.20 12.34 12.92 12.69
Naz0 2.84 4.10 524 7.35 447 4.14 6.58 5.30 417 3.96 412 410 4.09
K20 0.09 0.19 0.17 0.45 0.19 0.16 0.35 0.27 0.15 0.15 0.19 016 0.17
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 o0 0.00
Total 99.56 99.23 99.56 10046 9976 9892 99.44 99.63 99.05 99.18 99.25 99.85  98.89
Si 8.79 9.43 9483 10.82 9.54 9.41 1044 9.88 9.36 9.27 9.48 538 933
Al 6.87 6.39 6.13 5.41 6.35 6.28 5.64 6.07 6.34 6.41 6.29 645 6.34
Fe2+ 0.06 0.06 0.03 0.04 0.06 0.08 0.03 0.04 Q.07 0.06 0.08 o7 0.08
Ca 2.96 2.38 2.08 1.36 2.34 2.41 1.55 2.04 245 2.55 2.39 2.50 2.46
Na 0.99 1.44 1.84 2.57 1.56 1.45 2.30 1.86 1.46 1.39 1.44 144 143
K 0.02 0.04 0.04 0.10 0.04 0.04 0.08 0.06 0.04 0.04 0.04 .04 0.04
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 19.69 19.74 19.94 2031 19.89 19.67 20.04 19.96 1971 19.72 19.73 19.87 19.67
An 75 62 53 33 59 62 39 52 62 64 62 63 63
Ab 25 37 46 64 40 37 59 47 37 35 37 36 36
Oor 0 1 1 3 1 1 2 1 1 1 1 1 1
Total 100 100 100 100 100 100 100 100 100 100 100 100 100

The formula was calculated on the basis of 32 oxygens. Fe?* was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle.
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Appendix D. (Continued).

Sample Po-6 Po-6 Po-6 Po-17 Po-17 Po-17 Po-21 Po-21 Po-21 Po-21 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31
Mineral c2 c3 c7 c2 5 c5 cl cd 9 cll cl o4 c3 c3 4 c5
pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl
mic mic mic mic mic2 mic3 micl mic micd mic micl mic mic3 micd micS mict
Si0: 55.72 52.95 54.06 56.36 53.53 52.91 51.08 54.38 51.63 51.00 53.02 63.20 53.27 52.13 59.49 52.55
Alz0x 27.34 28.99 2852 2631 28.68 29.13 30.70 28.18 30.44 30.23 28.57 22.36 28.78 30.39 2482 20.73
FeO 1.28 093 098 1.20 0.94 0.88 0.68 0.67 0.66 0.63 0.63 0.40 0.64 0.62 0.59 0.52
Ca0 9.99 12.41 1155 9.14 11.45 11.80 13.35 11.02 13.42 13.68 11.48 327 1145 1240 6.34 12.04
Naz( 5.61 4.32 4.67 5.78 4.81 4.36 391 5.29 4.00 3.85 4.76 745 4.56 4.10 6.95 4.50
K:0 0.46 0.28 0.34 0.68 043 0.40 0.15 0.29 021 0.15 0.38 3.10 0.34 0.27 1.30 032
Ba0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 10040 99.89 10012 99.47 99.84 99.48 99.88 99.84 100.35 99.53 98.85 99.76 99.05 99.91 99.50 99.65
Si 10.06 9.65 9.80 1024 9.75 9.67 9.33 9.87 9.39 9.36 9.74 11.30 9.75 9.48 10.71 9.58
Al 5.82 6.23 6.09 5.63 6.15 6.27 6.61 6.03 6.52 6.54 6.18 4.71 6.21 6.51 5.27 6.39
Fe2t 0.19 0.14 0.15 0.18 0.14 0.13 0.10 0.10 0.10 0.10 0.10 0.06 0.10 0.09 0.09 0.08
Ca 1.93 242 224 1.78 2.23 2.31 261 2.14 2.61 2.69 2.26 0.63 2.25 242 122 2.35
Na 1.96 1.53 1.64 2.04 1.70 1.54 1.39 1.86 1.41 1.37 1.70 2.58 1.62 1.45 243 1.59
K 0.11 0.07 0.08 0.16 0.10 0.09 0.03 0.07 0.05 0.03 0.09 071 0.08 0.06 0.30 0.07
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 20.07 20.03 20.01 20.04 20.07 20.02 20.08 20.08 20.08 20.08 20.06 19.99 20.00 20.02 20.02 20.06
An 48 60 57 45 55 59 65 52 64 66 56 16 57 62 31 58
Ab 49 38 41 51 42 39 35 46 35 33 42 66 41 37 62 40
Or 2 2 2 4 3 2 1 2 1 1 2 18 2 1 7 2
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Appendix D. (Continued).

Sample Po-31 Po-35 Po-35 P0o-35 Po-35
Mineral 6 cl cl 6 9
pl pl pl pl pl
mic7 micl mic2 micl mig
Si0z 52.44 52.36 55.91 52.89 53.61
Al203 30.19 29.56 27.15 29.10 28.36
Fel 0.51 047 041 0.47 0.51
Ca0 12.57 12.67 9.73 11.74 10.95
Naz0 4,37 4.34 5.74 4,55 5.08
K:0 0.27 0.17 0.29 0.19 0.25
BaQ 0.00 0.00 0.00 0.00 0.00
Total 100.34 5957 99.23 98.94 99.05
Si 9.50 9.56 10.15 9.69 9.85
Al 6.45 6.36 5.81 6.28 6.11
Fe2 0.08 0.07 0.06 0.07 0.08
Ca 2.44 2.48 1.89 2.30 2.14
Na 1.54 1.54 2.02 1.62 1.80
K 0.06 0.04 0.07 0.04 0.06
Ba 0.00 0.00 0.00 0.00 0.00
Total 20.07 20.05 19.99 20.00 20.03
An 60 61 48 58 54
Ab 38 38 51 41 45
Or 2 1 2 1 1
Total 100 100 100 100 100

The formula was calculated on the basis of 32 oxygens. Fe?* was taken
as total Fe. pl: plagioclase; mic: microlite.

The formula was calculated on the basis of 32 oxygens. Fe** was taken as total Fe. pl: plagioclase; mic: microlite.
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Appendix E.

Electron microprobe analysis results of hornblende phenocrysts from Late Miocene basic volcanic rocks.
Sample Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Pe-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35 Po-35
Mineral cl c2 c2 c3 c3 cd cd cd cb 6 cb cb c7 <7 cl0 cl0 cl0 c10 cll
hbl-1  hbl-1  hbl-1  hbl-1 hbl-1  hbl-1  hbl-1  hbl-2  hbl-1  hbl-1  hbl-2  hbl-3  hbl-1  hbl-1  hbl-1  hbl-1  hbl-2  hbl-2  hbl-1
pheno pheno pheno pheno pheno pheno pheno pheno pheno phenc pheno pheno pheno pheno pheno pheno phene phenc pheno

core core rim core rim core rim core core rim core core core rim core Tim core rim core

Si0z 42.27 42.26 44,12 41.35 41.56 41.25 42.58 4266 4078 40.57 41.35 41.36 43.43 43.59 41.84 42.49 41.54 41.64 42.80
Ti0: 2,77 2.94 1.88 348 2.32 341 2.22 3.34 347 3.26 311 3.23 2.52 2,05 3.43 3.14 3.21 345 2.83
Alz03 13.22 1154 1049 1256 1217 1333 1209 1179 1271 1255 1287 1279 1049 1079 1217 1195 1229 1217 1217
Crz0z 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ¢.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00
FeO 1196 1298 1246 13.06 1571 1143 1283 1212 1339 1353 1321 1269 1315 1374 1172 1134 1163 1213 13.29
MnO 0.15 0.17 0.19 0.16 0.31 0.11 0.20 0.11 0.13 .15 0.15 016 0.27 0.36 0.15 0.13 0.09 0.11 0.15
MgO 13.86 1333 1431 1315 1256 1394 1353 1363 1276 1251 1269 1317 1410 1408 1365 1401 1378 1342 1297
Cal 10,68 1134 1134 1117 10,60 1142 11.2¢ 1087 1083 1180 1077 1687 1071 1063 11.05 1115 1124 1122 10,67
Naz0 2.65 2.27 1.99 2.39 2.38 2.51 234 2.56 2.29 2.19 2.38 2.45 2.10 2.28 2.44 243 2.39 2.36 2.21
K0 0.42 0.58 0.50 0.62 0.64 0.54 0.54 0.56 0.59 .55 0.54 0.56 0.51 0.55 0.59 0.53 0.55 0.57 0.56
Total 9799 9741 9727 9793 9826 9793 9760 9764 9695 97.11 97.08 9729 9731 9806 97.03 97.19 9674 97.09 97.65
Si 6.09 6.19 6.43 6.03 6.10 5.96 6.20 6.18 6.01 6.00 6.07 6.05 6.35 6.37 6.12 6.21 6.07 6.09 6.26
AllV] 1.91 181 1.57 197 1.90 2.04 1.80 1.82 1.99 2.00 1.93 1.95 1.65 1.63 1.88 1.79 1.93 1.91 1.74
T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Alivi 0.33 0.18 0.23 0.18 0.21 024 0.28 0.20 0.22 0.18 0.29 0.25 016 023 0.21 0.27 0.19 0.18 0.35
Ti 0.30 0.32 0.21 0.38 0.26 0.37 0.24 0.36 0.38 0.36 0.34 0.36 0.28 0.22 0.38 0.34 0.35 0.38 0.31
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe#+ 0.23 0.06 0.30 0.12 0.64 0.03 0.17 0.00 0.27 .00 0.19 0.17 0.52 0.86 0.06 0.25 0.00 0.00 0.47
Fei+ 1.21 1.52 1.21 1.46 1.27 1.35 1.39 1.47 1.37 1.67 1.43 1.38 1.07 0.80 1.36 1.12 142 1.48 1.14
Mn 0.02 0.02 0.02 0.02 0.04 0.01 0.02 0.01 0.02 ¢.02 0.02 0.02 0.03 0.04 0.02 0.02 0.01 0.01 0.02
Mg 2.98 291 311 2.86 2.75 3.01 294 2.95 2.80 2.76 2.78 2.87 3.07 3.07 2.98 3.05 3.00 2.93 2.83
C 5.06 5.02 5.08 5.03 5.16 5.01 5.04 4.99 5.07 5.00 5.05 5.04 5.13 5.23 5.00 5.06 4.98 4.99 5.12
Ca 1.64 178 176 1.74 164 177 175 1.69 1.70 1.87 L.69 1.70 166 1.65 171 173 1.76 176 1.65
Na 0.35 022 0.23 0.26 0.33 0.23 024 0.31 0.29 0.13 031 0.30 032 0.34 027 0.25 0.24 0.24 0.33
B 1.99 2.00 1.99 2.00 1.98 2.00 1.99 2.00 199 2.00 1.99 1.99 1.98 1.98 1.98 1.98 2.00 2.00 1.98
Na 112 1.07 0.89 1.09 1.00 117 1.07 113 1.01 1.13 1.04 1.08 0.85 0.94 1.10 1.11 1.12 1.10 0.91
K 0.08 011 0.09 0.11 012 0.10 0.10 0.10 0.11 0.10 0.10 0.10 0.09 0.10 0.11 0.10 0.10 0.11 0.10
A 1.20 117 0.98 1.21 112 127 1.17 1.23 1.12 1.23 114 119 0.95 1.04 1.20 1.21 1.22 1.20 1.01
AllTl 2.24 1.99 1.80 2.16 2.11 2.27 2.08 2.01 2.21 2.19 2.23 2.20 181 1.86 2.10 2.06 2.12 2.10 2.10
Mg# 0.71 0.66 0.72 0.66 0.68 0.69 0.68 0.67 0.67 0.62 0.60 0.67 0.74 0.79 0.68 0.73 0.68 0.66 0.71

Mg#=Mg/(Mg+Fe2+). The formula was calculated on the basis of 23 oxygens. hbl: hornblende; pheno: phenocrysts.

Appendix F.

Electron microprobe analysis results of Fe-Ti oxide mineral from Late Miocene basic volcanic rocks.
Sample Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-6 Po-17  Po-17 Po-17 Po-17 Po-17 Po-17

Mineral cl cl c4 c5 c6 c7 cll c11 cl1 cll cll cl1 cl c3 c3 c3 c7 c8

opql opq2 opq3 opq4 opgs opgs opgé opq7 opg8 opgY  opqld  opqll  opgl opq2 opg3 opq4 opqs opq 1

Si0: 0.49 0.59 0.13 0.29 033 0.65 0.33 0.12 .41 0.36 0.19 0.22 0.11 0.05 0.07 0.07 0.69 .06
Ti0z 1161 1188 1228 1156 1331 1226 1147 11.88 1230 1193 1137 1172 8.66 8.07 8.49 7.89 8.92 2.64
Al203 1.53 1.62 1.79 1.69 1.47 1.14 1.44 1.09 1.53 1.90 1.49 1.71 241 2.51 2.42 2.80 2.34 5.60
Cr203 0.00 0.00 0.00 0.02 0.04 0.06 0.00 0.01 0.00 0.01 0.00 0.02 0.48 091 0.70 0.71 045 16.88
FeD 76,78 7631 7612 7535 7405 7459 7562 7625 7568 7439 7672 7513 7804 7982 7948 7918 7774 63.86
MnC 0.54 0.54 0.51 0.52 0.51 0.55 0.54 048 0.42 0.53 0.39 0.38 0.59 0.53 0.58 0.54 0.59 0.34
MgO 0.74 0.61 0.85 0.81 1.04 0.62 0.80 0.70 0.78 0.85 0.91 0.54 345 3.23 3.49 3.99 3.51 6.27
Ca0 0.17 0.14 0.06 0.11 0.09 0.22 0.13 0.06 0.07 013 0.14 0.09 0.22 0.08 012 0.06 0.20 0.02
Total 9185 91649 9174 9036 9085 90.08 9033 90.59 9119 90.09 91.22 89.80 9396 9521 9535 9524 G4.44 95.66
Si 0.15 0.18 0.04 0.09 0.10 0.21 0.10 0.04 0.13 011 0.06 0.07 0.03 0.02 0.02 0.02 0.20 0.02
Ti 2.72 2.79 2.88 2.75 3.16 2.94 2.74 2.84 291 2.85 2.68 2.82 193 1.78 1.87 1.72 198 0.56
Al 0.56 0.60 0.66 0.63 0.55 0.43 054 0.41 0.57 0.71 0.55 0.64 0.84 0.87 0.83 096 0.81 1.86
Cr 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.11 0.21 0.16 0.16 0.11 3.77
Fez+ 1033 1050 1037 1029 1061 1063 1027 1040 1054 1037  10.17 1050 822 8.23 8.19 7.86 843 5.85
Fed+ 9.69 9.45 9.50 9.67 892 9.26 9.78 9.84 9.36 9.37 9.96 9.58 1112 1133 1123 1139  10.72 9.22
Mn 0.14 0.14 0.14 0.14 0.13 0.15 0.15 0.13 0.11 0.14 0.10 0.10 0.15 013 0.14 013 0.15 0.08
Mg 0.34 0.29 0.40 0.38 0.49 0.29 0.38 0.33 0.37 0.40 0.43 0.26 152 141 1.52 1.73 1.54 2.64
Ca 0.06 0.05 0.02 0.04 0.03 0.07 0.04 0.02 0.02 0.04 0.05 0.03 0.07 0.02 0.04 0.02 0.06 0.00
Total 2400 24.00 2400 2400 24,00 24,00 2400 24,00 2400 2400 2400 2400 2400 2400 2400 2400 24,00 24,00
Usp 0.61 0.62 0.63 0.62 0.66 0.64 0.61 0.63 0.63 0.63 0.61 0.62 0.50 0.47 048 0.46 0.50 0.19

IImenite

The Fe** and Fe3* proportions were calculated stoichiometrically. The Usp ratio was calculated according to Lindsley and Spencer (1982).
Mg#=Mg/(Mg+Fe2+). The formula was calculated on the basis of 32 oxygens. opq: opaque mineral.
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Appendix F. (Continued).

Sample Po-21 Po-21 Po-21  Po-21 Po-21 Po-21 Po-21 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-31 Po-35 Po-35 Po-35 Po-35 Po-35
Mineral c2 c3 6 c7 8 cll cl2 cl cl cl c2 c3 4 c5 & &3] c7 7 c8 c7
opgl  opg2 opg3 opg4 opgl opg5 opgb  opgl opgZ opg2  opgq3  opgd  opq5 opq6& opg7 opgl opgZ2  opgd  opgd  opg-mic
Si0z 0.25 0.07 0.03 0.01 0.07 0.10 0.44 0.04 0.06 0.05 0.05 0.01 0.03 0.04 0.02 0.06 0.08 0.07 0.05 0.10
TiCz 23,57 24.06 5151 5109 293 2428 4988 1690 18.60 15.95 1839 1887 1814 18.00 1817 144 30.05 066 1692 3119
Alz03 1.00 083 005 008 1430 118 029 242 228 332 235 245 231 237 262 126 151 061 046 0.40
Cr203 0.00 0.04 0.00 000 3351 002 001 072 027 178 029 021 034 039 029 002 007 000 0.00 0.00
FeO 68.15 69.52 44.30 4586 4276 69.04 4407 7253 70.77 7114 6876 70.65 7140 7093 7042 8658 56.89 8835 70.88 53.88
MnQ 063 054 060 0.61 039 060 057 067 065 058 063 070 068 073 075 017 034 094 046 0.39
Mgl 242 225 320 2.90 450 287 310 364 411 355 414 394 404 400 426 082 258 291 108 3.44
Ca0 079 0.07 0.05 0.10 001 005 100 000 003 020 005 001 009 009 001 009 007 006 020 0.21
Total 96.81 9739 99.75 100.64 9847 9812 9936 9693 96.78 96.58 65.66 96.83 97.02 96.55 96.54 90.44 G159 9360 90.05 8962
Si 0.07 002 0.01 0.00 002 003 ©12 001 002 002 002 000 001 001 001 002 002 002 002 0.03
Ti 5.24 5.35 1145 11.27 0.60 532 1107 3.68 4,05 3.48 4.05 4.11 3.94 3.93 3.96 0.34 7.11 0.15 4,08 7.53
Al 035 029 0.02 0.03 457 040 ©¢10 083 078 113 081 084 079 081 089 047 056 021 017 0.15
Cr 000 001 0.00 0.00 719 000 000 017 0.06 041 007 005 008 009 007 001 002 000 000 0.00
Fe?+ 1184 1222 1788 1782 671 1194 1738 996 1013 975 10.09 10.24 1002 1000 994 790 1381 662 1139 1374
Fe3+ 502 496 -693 -657 300 489 -650 762 7.02 748 699 688 724 722 711 1481 115 1545 763 0.72
Mn 0.16 0.14 0.15 0.15 0.09 0.15 0.14 0.17 0.16 0.14 0.16 0.17 .17 0.18 0.18 0.05 0.09 0.24 0.13 0.11
Mg 1.07 099 141 1.27 182 125 136 157 177 153 1.81 170 174 173 184 038 121 130 052 1.64
Ca 025 002 0.02 0.03 000 002 032 000 001 006 002 000 003 003 000 003 002 002 007 0.07
Total 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00
Usp 087 086 144 1.42 020 086 142 073 076 071 076 077 075 075 075 012 096 005 077 0.99
{lmenite 096 0.94 0.94

The Fe** and Fe®* proportions were calculated stoichiometrically. The Usp ratio was calculated according to Lindsley and Spencer (1982).
Mg#=Mg/(Mg+Fe2+). The formula was calculated on the basis of 32 oxygens. opq: opaque mineral.
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